Abstract-This paper presents an approach for oscillation damping with an integrated multi-stage linear quadratic regulator (MSLQR) FACTS controller combining power oscillation damping (POD) capabilities. The particle swarm optimization (PSO) technique has been used for precise tuning initial control parameters of power system stabilizers (PSS) and FACTS devices (such as STATCOM and UPFC) which results in improved controller performance. It is observed that the proposed control structure damps the oscillations adequately and is modular in design methodology. The sample power system comprising six areas is considered to demonstrate the effectiveness of the proposed concept. The states inter-relation which is shown with eigenvalues reflects better regulation with the proposed controller. The step response also validates the controller performance.
INTRODUCTION
1 THE operational complexity of large interconnected power systems is increasing due to the change in power injection statistics, open access, integration of renewable energy sources (RES) and evolving multi-market players. Under such conditions, even a moderate change in the system may result in system oscillations, which may aggravate and endanger the grid operation if not damped quickly. These oscillations may be local or inter-area oscillations depending upon the operational shift in the network. Since these oscillations are of relatively low frequency and sometimes ignored by the transmission system operators (TSO), but under certain circumstances of loading/power injection changing pattern, it may be so dominant to govern the entire operation that might result in failure of the system so quickly that operators may not be in a position to make corrective decisions. The damping strategies of these oscillations have been globally addressed by researchers. However, damping and related overshoots are of primary concern not only to ensure the system stability but also to modify the control strategies in real time operations. The FACTS controllers such as STATCOM, SVC, TCSC, SSSC and UPFC for damping inter-area oscillations have been widely studied [1] - [10] . UPFC is one of the most versatile controllers due to its ability to mitigate low-frequency oscillations by controlling transmission line power flow and improving the transient stability through quick power injection [1] - [3] . Wang [4] has reported the linearized PhillipsHeffron's model of a power system installed with the UPFC. UPFC input control parameters tuning concept has been presented by Pandey et al. [5] - [8] in which the selection of various control parameters which govern the system stability has been reported. The multi-stage LQR UPFC control strategy, which results in optimal tracking, has been reported in [9] . The author reported the selection criterion of weight matrix based on the state predominant approach. Eigenvalues assignment techniques (EAT) which have been used for designing the control for FACTS devices is reported in [10] , [11] . Some authors used fuzzy logic based damping control strategies and genetic algorithms (GA) to design damping controllers [12] . PSO has been used to tune the input control parameters of UPFC by maximizing the real part of the eigenvalues [13] - [15] , and promising results have been reported. Firefly and PSO algorithms are used to tune the PSS for multi-area systems using knowledge domain states mapping and have been presented in [16] , [17] .
The work reported in this paper gives a new design concept for an optimal damping controller with FACTS devices by integrating the best features of MSLQR and POD controllers. The initial tuning of the input control parameters of PSS, STATCOM and UPFC has been done by using a PSO technique with ITAE as an objective function. These input control parameters of UPFC are amplitude modulation ratio (∆me and ∆mb) and phase angle (∆δe and ∆δb), both voltage source converters whereas for STATCOM only ∆me and ∆δe have been used in the control design. In order to illustrate the efficacy of the proposed concept, the controller so designed has been tested for dynamically changing load conditions. The observations of the states under different operating conditions reflect the relatively lesser settling time as compared to the concept reported in [9] , [10] . Section II presents the UPFC state space model. In section III, a PSO based tuning concept has been given. Section IV gives the integrated MSLQR-POD FACTS control concept. In section V simulation results have been given, conclusions are reported in section VI and the appendix is given in section VII.
II. UPFC STATE SPACE MODEL
Thevenin's equivalent model of the two area power system installed with UPFC at mid-point is shown in Fig. 1 . There are two GTO based VSCs connected, one is in the shunt (VSC-E) and other in the series (VSC-B) part of the UPFC. The PWM technique is used to develop this model. Multiple generators in each area grouped as a single generator as shown in Fig. 1 . This modeling can be extended for multi-generators with multi-areas on a modular basis with some augmentations. An excitation transformer (ET) is connected with VSC-E and a boosting transformer (BT) is connected with VSE-B of the UPFC. The DC link capacitor supplies DC power to both the converters. Amplitude modulation ratio (∆me, ∆mb) and phase angle (∆δe, ∆δb) are the input control signals for the UPFC. Dynamic equations of both converters are written for each side of the VSC by neglecting the harmonics in the converters:
(1) where k (k=1/2) is the ratio between AC and DC voltage depending on the converter structure. Instantaneous power at both AC and DC terminals of the converters are equal assuming both the converters are lossless. Hence the power balance equations are: The linearized equations of the system without FACTS devices are calculated as:
Here, i represents each equivalent generator separately. ∆ω = deviation of rotor angular speed, ∆δ =deviation of rotor angle, ∆Efd = voltage across field windings and ∆E'q = internal voltage of the armature winding in the synchronous machine. ω0 is the base value of the angular speed, D=damping coefficient, M=inertia constant, Xd and Xd' are the synchronous reactance and transient reactance respectively and ∆Pe= change in electrical power output. T'do=transient time constant, Ta and Ka are the time constant and gain of the exciter respectively. A complete system model of generators installed with UPFC has been derived by using the above equations.
In the developed model of sample six area systems with FACTS as shown in Fig. 2 is the input control of PSS. This model can be used as the STATCOM device as well as SSSC depending on the system requirement. STATCOM mode can be operated by the shunt part of the control (VSC-E) by modulating the input control parameters ∆me and ∆δe whereas SSSC can be operated by the series part of the control (VSC-B) by modulating the input control parameters ∆mb and ∆δb. The six area power network has been developed on a modular basis utilizing the above concept as shown in Fig. 2 . The states have been modified accordingly. 
III. PARTICLE SWARM OPTIMIZATION
The control parameters of Power System Stabilizers (PSSs), UPFC and STATCOM are optimally tuned by the particle swarm optimization (PSO) technique by minimizing integral time multiplied by absolute error (ITAE) as the objective. After initializing the input control parameters of STATCOM and UPFC by PSO, these parameters are re-adjusted with the proposed Integrated MSLQR-POD FACTS Controller in the dynamic mode of the system, which is shown in Fig. 3 . PSO is a stochastic optimization technique based on the swarming behavior of birds and animals. [18] , [19] . In this work, the binary PSO technique has been used to initialize the controller's parameters. In BPSO, particle positions are in the form of zeros and ones, which are converted into real values with the help of binary to the real conversion to calculate the objection function. Each particles velocity are calculated based on the pbest and gbest of the entire iteration as shown in (8) . The position of each particle is updated based on the sigmoidal transformation function given in (9) . Sigmoid transformation is applied to squash the particles velocity into the range [0, 1]. The equations for updating the position of the particles are given as follows:
Here, gbest is global best, pbest is personal best of the particle i, c1 and c2 are acceleration coefficients and r1, r2 are random numbers in [0, 1] . xid t is the position of the i th particle in dimension d for iteration t and vid t is the velocity of the i th particle in dimension d for iteration t. Particle velocity is calculated by the formula shown previously and then with the help of random numbers, the particles position is updated.
Equation (11) represents the objective function (ITAE), which is minimized by the BPSO optimization technique for optimal selection of the input control parameters of STATCOM, UPFC and PSS. (11) IV.
INTEGRATED MSLQR-POD FACTS CONTROLLER Linear quadratic regulator (LQR) is the optimal control method used to minimize J to achieve a compromise between control efforts, magnitude, and speed of the response. For the stable system, feedback gain matrix K has been calculated by the LQR control.
For a given system: &
Calculating the feedback gain matrix K, in order to minimize the objective function J: (13) where Q and R are the real symmetric matrix and also called the positive-definite Hermitian matrix. The matrix R and Q denotes the relative importance of the error and the expenditure of this energy.
Feedback gain matrix K is written as:
. (14) Here, T is a non-singular matrix and P must satisfy the Riccati Equation: (15) In the power oscillation damping (POD) controller based on the eigenvalues assignment technique, a vertical strip has been defined on the LHS of the s-plane. Let d1 and d2 be the two positive real values with d2>d1 and forming vertical strip [-d2, -d1] on the negative real axis and state matrix A=A+d1I. By defining two matrix A -and A + associated with AεR n*n such that σ(A-) and σ(A+) are real eigenvalues to the left and right side of the complex plane. λ-and λ+ are the imaginary part of the left and right half planes of the eigenvalues of matrix A. So, the control law for equation (12) can be given as [21] :
, where feedback gain (K) can be written as: To design the control strategy of any system, state space representation is essential which gives the system eigenvalues. These eigenvalues and system states are interlinked as eigenvalues gives the behavior of the respective state variable. Damping of the power oscillations depends upon the position of the eigenvalues. If real parts of the eigenvalues are shifted more towards the left-hand side of complex s-plane then damping in the system will be greater. In the multi-input multi-output system, vulnerable states can be identified by closed loop poles of the system. These vulnerable states may deteriorate the performance of the complete system. To maintain all the system states within their limits with faster damping and desired response, proper selection of the Q matrix is very crucial. Selection of the Q matrix has evolved in [9] which stated the concept of the state predominant approach. In this concept, selection of the Q matrix has been linked with the position of the eigenvalues of the system. Some vulnerable states whose eigenvalues are very close to the imaginary axis are termed as predominant states and depending upon that, the respective entry in the diagonal elements of Q matrix will have more weight as compared to other elements. So by identifying predominant states with their respective real part of the eigenvalues, elements of the Q matrix have been redefined. Proper regulation of these large deviated states (predominant states) is ensured by assigning high weight to the respective diagonal elements of the Q matrix on the basis of the real part of the eigenvalues. This concept is derived from the very basic fundamentals of states regulation and feedback gain interrelation. By assigning the elements of the Q matrix, feedback gain matrix K is calculated which ensures the system's stability. For the small perturbation in the system, this state predominant concept has been used only once with proper Q assignment, however for the large perturbation with changing system dynamics, the process of the state predominant concept has to be repeated until all the deviated states are tracked to the desired system response. This concept is very systematic and effective in dealing with operational shifts in system dynamics.
It has been observed in the MSLQR controller that even if most of the eigenvalues are shifted to the left side of the complex plane, but one or two eigenvalues stay very close to the imaginary axis which is not acceptable for the stability of the system, as such the states may be excited due to operational changes in the dynamical mode, therefore a POD controller (based on eigenvalue assignment technique) has been integrated with MSLQR using the eigenvalue assignment technique. The proposed controller places the eigenvalues corresponding to the mode of the oscillations at desired locations such that the eigenvalues get placed within a vertical strip on the LHS in the complex plane which were on the right side of assigned vertical strip after applying the state predominant approach. The selection of the vertical strip can be decided by the desired system response. If the vertical strip assigned is too far from the imaginary axis then the system will stabilize very quickly but the peak overshoot/undershoot of some of the state variables may cross their threshold limits which might affect the entire system in terms of stress in the components. The flowchart of the proposed control strategy is given in Fig.4 , where the first step is to find the state transition matrix of the entire system. Then you initialize the input control parameters of PSS and FACTS devices with PSO by minimizing ITAE. Set the value of the perturbation occurring in the system at the particular time and calculate the eigenvalues of the system. Define the elements of the Q matrix randomly and calculate the feedback gain matrix (K) followed by the new system matrix. Again find the eigenvalues and set the elements of Q by seeing the real part of the eigenvalue using the state predominant approach. Repeat the process until all the states are tracked to the desired response. The process will be the same for all other perturbations in the system. In the flow chart, 'P' denotes the total number of stages required for the desired controller response in the multi-stage LQR (MSLQR) controller and p is the initial point of that stage. The multi-stage process is repeated until all the deviated states are tracked to the desired response. For the large system with dynamically changing conditions, the number of stages may be extended to get the desired system response. In the proposed work p=1 and P =3. After completing all the stages in the MSLQR concept, define the vertical strip on the left side of s-plane and calculate feedback K and β. Now calculate the final state matrix and find the overall dynamic response of the system. 
A. Design of Integrated MSLQR-POD Controller
Step 1: Obtain the feedback gain matrix K with some initialized Q matrix and R as the identity matrix.
Step 2: Calculate the new state matrix A1 by (A1=A-B*K) and then find the eigenvalue of A1 (eig(A1)).
Step 3: Calculate the new matrix Q1 with the help of eig (A1) by the state predominant approach.
Step 4: New feedback gain matrix K1 is obtained from K1=lqr(A1,B,Q1,R) followed by the new system matrix with the combination of the plant and controller (as A2=A1-(B*K1)).
Step 5: Set A1=A2 and repeat step 3 and 4. This process will continue depending on the required specification for the MSLQR controller.
Step 6: For POD controller: Define the vertical strip [-d2, -d1 ] to the LHS of the complex plane, Q as zero matrix and calculate KK and β as:
,
Step 7: Now calculate the modified closed loop system matrix (Ac=A1-β*B*KK) and find the system response.
V. CASE STUDY AND RESULTS
Input control parameters of STATCOM and UPFC controllers are initially tuned by the PSO technique for a six area power system for enhancing the damping of the inter-area oscillation. Table I shows the tuned control parameters of UPFC by PSO for both the systems. An integrated MSLQR-POD UPFC controller has been designed for effective oscillation damping. Two cases have been considered for validation of the proposed controller concept. The first case uses STATCOM connected between area 5 and area 6 and in the second case UPFC is connected between area 5 and area 6. Case II: (PSS to all the generators and UPFC between area 5 and area 6)-at time t1=0 sec, Load in area 5 and 6 is L=1.0 p.u. with p.f.=0.85 and at time t2=1.0 sec load increased up to 30% (L=1.3 p.u.) with p.f.=0.85 (refer Fig.7 )
The perturbation response of the state variables is shown in Fig. 5 and Table II shows the peak overshoot/undershoot, settling time and eigenvalues of all the controllers for a six area system with case I. The proposed controller shows the fast damping as compared with the MSLQR controller in terms of the settling time. Peak overshoots for all the state variables are within the acceptable limits. Table III shows the eigenvalue of the complete system for different controllers and Fig. 6 gives the perturbation response for the angular speed of generator 1 to 4 by the tuning of PSS with PSO over conventional phase compensation tuning for case I. The vertical strip assigned for the eigenvalues by the POD controller is [-2.5, -3.5] for STATCOM and [-1, -1.5] for UPFC. The assignment of this vertical strip depends on the desired response of the system as mentioned earlier. The designer may select the suitable strip depending upon system requirements. Table IV shows the peak overshoot/undershoot, settling time and eigenvalues of all the controllers and Fig. 7 shows the perturbation response of the state variables for case II. Since the system keeps on changing over a period of time, this strategy may prove beneficial for developing a modular controller over the existing control structure. 
VI. CONCLUSION
The paper presents a new control strategy termed as an integrated MSLQR-POD FACTS controller for effective damping of inter-area oscillations, especially suited for multiarea systems. The concept is based on an integrated state predominant approach and eigenvalue assignment technique (EAT). The initial tuning of the input control parameters of PSS, STATCOM and UPFC has been done by PSO technique with ITAE as an objective function. The controller has been tested with changing load conditions for a sample six area power system. The investigations reveal that the overshoot and settling time of the proposed controller are much less as compared to other controllers reported earlier and well within the acceptable limits. The controller can readily be extended to include large numbers of multi-area systems with some augmentation which may be derived on a modular basis and including the interface dynamics of large systems. The simulation results show the capability of the proposed controller in terms of better stability and quick response to system operations. Since the system keeps on changing over a period of time, this strategy may prove beneficial for developing a modular controller over the existing control structure.
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